An experimental study of a steam generator based on a pulsating combustion apparatus with a vortex-type combustion chamber, an aerodynamic valve and a Helmholtz resonator is described. A quantitative assessment of the process of formation and emissions of nitrogen oxides is given. A significant decrease in nitrogen oxides is due to the disequilibrium of the combustion processes due to the extremely insignificant residence time of the fuel components in the high temperature zone.
INTRODUCTION
The aim of this work is an experimental evaluation of the energy characteristics and environmental performance of steam generators based on pulsating combustion devices (PCD).
The steam generator is a PCD with a vortex-type combustion chamber with an aerodynamic valve and a Helmholtz resonator. Steam generation and overheating of steam occurs when water passes sequentially through the cooling jackets: of the aerodynamic valve, of the combustion chamber of the vortex type and the Helmholtz resonator. Combustion chambers of this type are well established in practical use [1] .
The schematic diagram of the steam generator based on PCD with a cooling jacket is shown in Figure 1 . ____________ Voronezh State Technical University, 14, Moskovsky Avenue, Voronezh, 394000, Russia 
TASK SETTING AND RESEARCH DESCRIPTION
In the course of research, the task was to determine the operating parameters of a stable pulsing combustion mode and the energy characteristics of the steam generator. The measurements were carried out at different hydrocarbon fuel consumption from 7.68×10 -3 to 13.32×10 -3 kg/s, which corresponded to the developed power from 310 to 410 kW [2] . Water consumption varied little and ranged from 0.312 kg/ s to 0.357 kg/s.
The pressure in the cooling jacket was changed due to the installation of orifice plates with a diameter of 6.5; 5.5; 4.5 and 3.5 mm. The most stable mode of operation was reached with of the orifice plates of 6.5 mm diameter. For this mode in Table I , the results of experimental measurements of steam generator energy parameters are presented. In column 13, the part of the energy of combustion of fuel which is transformed in thermal processes of the steam generator at reception of steam and the gaseous heat carrier is given.
In the physical sense, this value is exergy efficiency of heat flow. In the processes under consideration, losses are associated with irreversibility and, on average, constitute 18.4%. In similar processes with stationary combustion, they make up 57.5 percent [3] . Simultaneously PCD creates a flow of gaseous coolant of high temperature and an average speed of 50-60 m/s. This flow creates a pressure pulse of the carrier flow at the exit of the resonance tube, is equal to 1000-1300 Pa. In addition, pressure pulses occur as a result of acoustic disturbances and at the output of the resonant tube, their amplitude can be 2300-2500 Pa. It should be noted that the values given correspond to the pressure, which in gas dynamics is called the braking pressure. This circumstance makes it possible to abandon the blast fan, which is usually supplied with stationary combustion heat generators. The final values of the efficiency of the steam generator will depend on the organization of the processes of use of thermal energy and flow energy.
The environmental performance of this steam generator can be judged by the results of the study of the yield of nitrogen oxides (NOs). Currently, the mechanism of formation of nitrogen oxides during combustion is structured into the following main groups: "fast", "thermal" and "fuel" nitrogen oxides [4] .
The rate of formation of" fast "nitrogen oxides is an order of magnitude higher than "thermal", with a weak dependence on the temperature in the combustion chamber and a significant dependence on the fuel-air ratio. Their number can be estimated by the approximation formula obtained as a result of experimental data processing and given in [5] NO С =0.0745×T-106, (1) where T is the temperature of combustion products, NO С -the NO concentration. In [6] , it is noted that the main contribution to the pollution of the environment by the emissions of nitrogen oxides during combustion of fuels is made by the "thermal" pathway of NO formation by the mechanism of Y.B. Zeldovich. The expression for equilibrium concentration of nitric oxide in combustion products: 
where C NO , C N2 , C O2 -respectively, the concentration of nitric oxide, molar nitrogen and oxygen, kg/m 3 ; R -universal gas constant, kJ/mol·K. 
where α -the excess oxidizer ratio; 0  -the mass stoichiometric ratio of fuel components;
, atm atm F air   -the densities of fuel and air at atmospheric pressure.
The resulting expression for determining the equilibrium concentration of "thermal" nitrogen oxides depends mainly on the temperature in the combustion chamber, as well as on the molecular concentrations of nitrogen and oxygen.
It should be noted that the actual yield of "thermal" nitrogen oxides is several orders of magnitude lower than the equilibrium ones calculated by the expression (3) ( Table II) . This is due to the short residence time of the fuel components at high temperatures [7] , since the period of oscillation in the resonator does not exceed 0.02 s (Figure 2) , and the residence time in the zone of maximum temperatures is even less (the time to reach the equilibrium state is about 1·10 1 s). "Fuel" nitrogen oxides are formed by burning a fuel that contains chemically bound nitrogen. Given that the proportion of conversion of such nitrogen into oxides does not exceed 0.2-0.3, as well as the fact that hydrocarbon fuels contain no more than 0.007% nitrogen as impurities, this mechanism can be neglected. The excess oxidizer ratio α 1.74 1.67
Concentration of "thermal" of nitrogen oxides (in equilibrium), С NO , g/m The mechanism of NO formation from nitrous oxide N 2 O is considered separately in some sources. This mechanism was observed in poor and moderately rich hydrogen-air flames at high temperatures (about 2000K) and pressures typical for diesel internal combustion engines. In [8] it is stated that the contribution of nitrogen oxides through the formation of N 2 O depends significantly on the pressure, and at operating pressures about 1 atm. can be estimated at a few percent. Given this fact, in the circumstances under consideration, this mechanism can be neglected.
MAIN CONCLUSIONS
Thus, the main contribution to the total output of nitrogen oxides is NO, formed by the "fast" mechanism.
A comparative analysis of the calculated and experimental data allows us to evaluate the advantages of this steam generator based on the pulsating combustion apparatus with a cooling jacket in terms of its performance and environmental friendliness over other types of steam generators.
Practically the only disadvantage of pulsating combustion devices is its acoustic characteristics. High noise level imposes some restrictions on the scope of these devices or requires special sound insulation protection. 
